Abstract. The near-infrared (NIR) fluorescence signal in the 700 to 900 nm from molecular probes used in fluorescence image-guided surgery (FIGS) is usually weak compared to the NIR component from white light-emitting diode surgical light, which is typically switched off during FIGS to enhance the molecular fluorescence contrast of the image. We propose a simple solution to this critical issue in FIGS by removing NIR light from surgical light with a low cost commercial 3M cool mirror film 330.
Engineering light-emitting diode surgical light for near-infrared fluorescence image-guided surgical systems Nan Near-infrared (NIR) fluorescence imaging is widely employed as a surgical guidance tool in surgery because of the low autofluorescence of tissue and the deeper penetration of light in tissue in this region. 1, 2 A major issue in fluorescence image-guided surgery (FIGS) is the negative impact of the surgical lighting on the fluorescence image contrast. Surgical lighting in an operation room uses high illuminance ranging from 40,000 to 160,000 lux to improve the tissue visualization during surgery. 3 Light-emitting diode (LED) surgical lights are replacing the traditional tungsten halogen and gas discharge lamps because they can illuminate the subjects' true colors more accurately than bulb lights and the arrangements of small light sources fixed at different angles minimize shadows for a more consistent light. In addition, LEDs offer a longer lifetime, less power consumption, less heat generation, and low ultraviolet (UV) radiation. While an LED has a much lower NIR component compared to traditional halogen lamps, its NIR light component is still very strong compared to the NIR fluorescence from the fluorescent molecular probes used in FIGS. To obtain high contrast NIR fluorescence image, many FIGS systems require the surgical lights to be turned off or dimmed significantly during fluorescence imaging. 1, 4 The lighting change in the surgical field interrupts clinical workflow and reduces the convenience of the FIGS to practicing applications. To address this issue, several methods have been developed, including pulsed excitation and homodyne detection. 5, 6 While those methods can work under normal surgical light, the systems are relatively complicated and expensive.
Method to Address the Impact of the Surgical Light
We present a simple and low-cost solution to minimize the impact of white LED surgical light on NIR fluorescence imaging. Similar to the common solution to reduce the impact of the excitation light using a long-pass filter in the imaging path, we minimize the NIR component of the light from the white LED surgical light using a short-pass filter in the illumination path. Due to the large dimensions of the surgical light, it is not feasible to use conventional glass short-pass filters based on the interference thin film because they are expensive and it is difficult to modify the existing LED lamps in the surgical room. Instead, we use a low-cost commercial 3M cool mirror film 330 to minimize the NIR spectrum with a wavelength longer than 650 nm, 7 the price of which per cm 2 is less than 1% of the glass short-pass filter. 3M cool mirror film 330 is an all-polymeric mirror film which has high transmission in the visible spectrum with an average reflectance at a normal incidence of 89% or greater for wavelengths longer than 650 nm. Its thickness is only 0.107 mm, and it can be fabricated as large as 48 in., sufficient to cover the entire white LED surgical lamp. The advantage of using this film is that it can be easily cut to shape and laminated to the normal white LED surgical lamps without any additional modification.
The transmission spectrum of the 3M film 330 was measured via a HR2000+ spectrophotometer (Ocean Optics, Dunedin, Florida) and a broadband spectrum lamp as a light source. The result is plotted in Fig. 1 . The transmission over the visible spectrum is higher than 90%, and the reflectance is higher than 80% in NIR. The LED surgical lamp tested in this letter is CHROMOPHARE F628 by BERCHTOLD BERCHTOLD (Tuttlingen, Germany). Figure 2 shows the measured spectrum of the white LED surgical light and spectrums after passing 1 layer of the 3M cool mirror film 330, 2 layers of the 3M cool mirror film 330, and a single glass short-pass filter. As shown in the inserted figure in logarithmic scale, the NIR component of the white LED light is significantly reduced with both the 3M film and glass short-pass filter. The single glass short-pass filter has a slightly better performance in reducing NIR transmission, but it is more difficult and more expensive to use.
To evaluate the performance of the 3M cool mirror film 330 for surgical lighting, we measured the illuminance, color rendering index (CRI) Ra, CRI R9, and correlated color temperature (CCT) of surgical light before and after passing a 3M film via a HR2000+ spectrophotometer. The CRI Ra is a quantitative measure of the ability of a light source to reveal the colors of various objects compared to an ideal light source. The higher the CRI Ra the better the color rendering. The CRI R9 measures the ability of the light source in rendering the red color, which is an important parameter in evaluating the performance of an LED light source because some of the white LED light sources lack a red spectrum. CCT is a specification of the color appearance of the light. It is recommended that the surgical lamps should have a CRI Ra and CRI R9 higher than 85, and a CCT not less than 3000 K and not greater than 6700 K. 8 The results show that the illuminance drops by about 13% after the application of one layer of 3M film 330 and 19% after two layers (Table 1) . Since most of the surgical lights have a strong optical output, this optical power loss could be acceptable. The change of CRI Ra after using 3M film is negligible since 3M film only blocks the NIR component. As shown in Table 1 , the reading of CRI R9 after passing 1 layer of 3M film 330 changes slightly. The CCT after passing the 3M film increases slightly since the 3M film blocks the red component in the visible spectrum. These results show that the changes of three critical factors (CRI Ra, CRI R9, and CCT) in surgical lighting are small, particularly when a single film 330 is used.
Experimental Evaluation
To evaluate the feasibility of this solution in NIR fluorescence imaging, a custom developed dual-mode camera was used to capture NIR fluorescence images of ICG samples. 9 ICG solution samples (Sigma-Aldrich, St. Louis, Missouri) of different concentrations ranging from 130 nM to 10.3 μM in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and a pure DMSO sample were illuminated under white LED surgical light with an illuminance of 40960 lux. A long-pass filter (Semrock BLP01-808R-25, Rochester, New York) was placed in front of the monochromatic camera to block the visible and excitation lights below 800 nm. Two high power NIR laser diodes (LDs) were used to excite the fluorescence signal from ICG samples. The NIR LD has an optical output power of 2 W at a peak wavelength of 785 nm. Bandpass filters (Semrock FF01-769/41-25) were placed in front of the NIR LDs as excitation filters. The exposure time of the camera was 33.3 ms. Figure 3 is the experimental result with the concentrations of ICG samples labeled on the left in the figure. Figure 3(a) is the images of the ICG samples and pure DMSO sample when both surgical and NIR fluorescence excitation lights were on but without using 3M film. The container of the pure DMSO sample can be seen because of the NIR spectrum from the surgical light. Figure 3(b) is the images of samples without using 3M film when the surgical light was off and only the NIR excitation light was on. Pure DMSO is not detectable because there is no direct illumination from the surgical light. When both surgical and NIR excitation lights were on, Figs. 3(c) and 3(d) are images with one and two layers of 3M film to block the NIR component from surgical light. Figure 3 Fig. 3(a) , while the inserted figure shows that a single layer 3M film 330 is sufficient to minimize the impact of white LED surgical light on ICG NIR fluorescence imaging. Figure 3 (e) also shows that, when the ICG concentration is higher, the leakage of NIR light between 700 and 800 nm from the white LED surgical light can excite a reasonable amount of fluorescence.
We also demonstrated this solution with fresh chicken breast tissue. ICG solution with a concentration of 25.8 μM in DMSO was injected about 5 mm under the surface of the chicken tissue. 
Conclusion
In summary, a simple solution is demonstrated to reduce the impact of a white LED surgical lamp on NIR fluorescence image-guided surgery. The commercial 3M cool mirror film 330 can be laminated to the surgical lamp to block the NIR component of the illumination spectrum. Although this film reduces the illuminance, the illuminance is still sufficient for the surgical procedures. Measured CRI Ra, CRI R9, and CCT with and without 3M film 330 show that the impact of the film on color performance is minimal. The experiments with ICG samples and chicken breast tissue show that a single layer of 3M film 330 can effectively minimize the impact of the surgical light. More layers can be used for lamps with a stronger NIR spectrum. This solution is low cost and can be easily implemented in different types of surgical lamps without any additional modification. Although we have demonstrated the effectiveness of this solution with ICG samples and chicken breast tissue, a more extensive study with human subjects in real surgical procedures is needed.
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